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Outline 

• Multi-party No-Signaling constraints =£ constraints imposed by 

Relativistic Causality. 

• Constraints depend on spacetime coordinates of 

measurement events p« tl r| ). ( tnrn ))(ai,...,a n |xi,...,xn). 

• Implications: 

• Device-Independent cryptography against relativistically constrained 
adversaries; new Free-Will in Bell Theorem. 

• Multi-party non-locality; lack of monogamy of non-local correlations. 

• Proofs showing quantum correlations cannot arise from finite speed v-causal 
models look incomplete. 


J.-D. Bancal, S. Pironio, A. Acin, Y.-C. Liang, V. Scarani and N. Gisin, Nature Physics 8, 867 (2012). 

J.-D. Bancal, J. Barrett, N. Gisin, S. Pironio, Phys. Rev. A. 88, 014102 (2013). J. Barrett, L. Hardy and A. Kent, Phys. Rev. 
L. Masanes, A. Acin, N. Gisin, Phys. Rev. A 73, 012112 (2006). Lett. 95, 010503 (2005). 











Bell Non-Locality 


• Bell Non-locality: There exist correlations between space-like separated events 
that violate Bell inequalities. 

• Nature does not obey a notion of ‘Local Causality' 

• At least one of the intuitive notions of determinism, statistical locality or 
measurement independence seems to be in conflict with experiment. 




J. Bell .“On the Einstein Podolsky Rosen paradox ”. Physics I (3): 195-200 (1964). 

















Bell Experiment: Setup 

Bell experiment. Scenario B(n,m,k): n parties, m settings and k outcomes. 

Preparation procedure Q. Measurement procedure (xi,...,x n ). Outcome 
(ai,...,a n ). Underlying variables X. 


P(a 1 ,a 2 \x 1 ,x 2 ,Q) = j d\P(a lr a 2 \x lr x 2 , Q, \)P(\\x 1 , x 2r Q) 
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A: density operator p in QM 
P(X|x, P) = 8(X - p) 


ai e [k] 


Box: P(ai,a2,a3|xi,X2,X3) 


I. Pitowsky, Quantum Probability - Quantum Logic, Springer-Verlag Vol. 321 (1989). 
A. Peres, Foundations of Physics 29(4) 589 (1999). 























Bell inequalitiesrAssumptions 


• Assumptions in deriving Bell inequalities: 

• Statistical Completeness/Outcome Independence: All statistical 

correlations arise from ignorance of the underlying variable A 




r 


■> 
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P(a 1 ,a 2 \x 1 ,x 2 ,Q,h) = P(ai\xi / x 2 / QA)P(a 2 \x 1 / x 2 / Q / A) 

• True for deterministic models. Motivation: Underlying reality with 
measurement outcomes predetermined. 

\ 

Statistical Locality/Parameter Independence/No-Signaling: Distant 

measurements do not influence a party’s underlying outcome prob. dist. 

P(a 1 \x 1 ,x 2 ,Q,X) = P(a 1 \x 1 ,Q,X), 

P(a 2 \xi,x 2 ,QA) = P(a 2 \x 2 ,Q,A). 

• Justification comes from Special Relativity when measurements are spacelike 
separated. 

_ / 


M. J. W. Hall, arXiv: 1511.00729 (2015). 
















Bell lnequalities:Assumptions 


Assumptions in deriving Bell inequalities: 




A 


Measurement Independence/Free-Will: Measurement inputs 
(xi,X2) are uncorrelated with the underlying variable A. 

P(M x i> x 2,Q) = P(A|Q). 


• Reality is single valued, Fair Sampling, No Backward Causation, 
etc. 

Putting it all together, we obtain the Local Hidden Variable (LHV) model: 


P(a v a2\x v x 2 ,Q) = J d\P(\\Q)P(ai\x v A, Q)P(a 2 \x 2 , A, Q). 




















No-Signalling 


One can ‘deduce’ the no-signalling constraints from the assumptions of measurement 


independence and parameter independence 

P/t, |X|,X 2 ( fl ll x l»*2) — 
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P. Horodecki and R. R. Nat. Comm. 10, 1701 (2019) 






Motivation for parameter independence: 

Causality 


• As usual in Bell non-locality, let us work within the classical spacetime of 
Special Relativity. 

• Causality: No causal loops, i.e. No faster-than-light transmission of information 
from one spacetime location to another space-like separated location. 


Causality violated if an effect at spacetime location A precedes its cause at spacetime 
location B (tA < tB) in some inertial reference frame. 



Correlation is not causation! 









No-Signaling Polytope 


Box: Set of cond. prob. dist. P(a|x) = P(ai,...,a n |xi,...,x n ). 

Non-negativity: P(a|x) > 0. Normalization:^ P(a|x) = I. 

Multi-party No-Signaling (Directly generalize from the two-party case): 
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LHV polytope c Quantum Correlations c No-Signaling Polytope 
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Consequence of causality? 
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Two-party No-Signaling from Relativistic 

Causality 


• Formalism: Spacetime Random 
Variable (strv = r.v. generated at 
spacetime location (t,r)). 

• Alice inputs x, obtains output a 
(instantaneously) at spacetime 
location A. 

• Bob inputs y, obtains output b 
(instantaneously) at spacetime 
location B. 

• FreeWill + Causality => 
NoSignaling. 

P(a 1 \x 1 ,x 2 ,Q,A) = P(ai\xi,Q,A), 
P(ai\xi,x 2 ,Q,A) = P(a 2 \x 2 ,Q r A). 



R. Colbeck and R. Renner, Free randomness can be amplified, Nature Physics 8, 450-454 (2012). 
P. Horodecki and R. R., in preparation. P. Horodecki and R. R. Nat. Comm. 10, 1701 (2019) 
















Multi-party No-Signaling from Relativistic 

Causality 


• Spacetime rv’s:Alice’s measurement 
input-output rv’s (x,a) at spacetime 
location A, Bob’s (y,b) at B, Charlie’s 
(z,c) at C. 

• No-Signaling: 

Y'P(a,b,c\x,y,z) = Y^P(a,b,c\x,y,z’) Vz,z',a,b,x,y 

c c 

{^P(a / b / c\x,y,z) = ^P{a,b,c\x f y' ,z) My r y',a r c r x,z \ 

'*j>, . b ./ 

^P(a,b,c\x,y,z) — ^P(a,b,c\x f ,y,z) \/x,x',b,c,y,z. 

a a 

• AB output marginal independent of C’s input. 

♦*■■■■■■ ■ ■■. 

( AC output marginal independent of B’s input. ) 

"' B'C output' m a rgmaT 'f h d e pe h 'dent of A s' Tn p ut.‘ 



x 


A, B, C individual marginals well-defined. Notice that intersection of future light cones of A and C is 

contained within the future light cone of B 


J. Grunhaus, S. Popescu and D. Rohrlich, Phys. Rev. A 53, 3781 (1996). 

S. Popescu and D. Rohrlich, Non-Locality as an axiom for quantum theory, arXiv:9508009 (1995). 
P. Horodecki and R. R., in preparation. P. Horodecki and R. R. Nat. Comm. 10, 1701 (2019) 




















Multi-party No-Signaling from Relativistic 

Causality 


Observation:Alice and Bob check correlations at 
spacetime location AB (the correlations give rise to 
the spacetime variable AB at this location). Similarly, 
Alice-Charlie at AC as well as Bob-Charlie at BC. 

Argument: Suppose a (superluminal) influence 
propagates from B to AC, changing the correlations 
AC while keeping marginals A and C fixed. 

Proof: shows that such a influence does not lead to 
any causal loops. 



• Justification: Spacetime random 
variable AC representing 
correlations is only registered at a 
point located within the future light 
cone of B. It means that effectively 
information has been sent from B 
to its future which ensures no 
causal loops. 


J. Grunhaus, S. Popescu and D. Rohrlich, Phys. Rev. A 53, 3781 (1996). 

S. Popescu and D. Rohrlich, arXiv:9605004 (1996). 

P. Horodecki and R. R., in preparation. P. Horodecki and R. R. Nat. Comm. 10, 1701 (2019) 







Modified Multi-party No-Signaling from 

Relativistic Causality 

• Modified 3-party constraints that prevent causality violations (when Bob is 
in appropriate space-time region): 


^P(a,b,c\x,y,z) = ^P(a,b,c\x,y,z') Vz, z r ,a,b,x,y 

C C 

^P(a,b,c\x,y,z) = VP(a,b,c\ x',y,z) \/x,x' ,b,c,y,z 

Cl Cl 

^P(a,b,c\x,y,z) = ^P(a,b,c\x r ,y f ,z) Vx, x',y,y',c,z 

a,b a,b 

^ P(a,b,c\x,y,z ) = ^P(a,b,c\x,y r ,z') \ly,y',z,z!,a,x. 


b,c b,c 

• In general, in the n-party scenario (for a l-D spatial arrangement of parties): 
Let Sm,k n denote a contiguous subset of [n] with initial element m and size k. 

P( a S” l x S" ) = E P(a'|x')= £ P(a"|x") VI < k < n — 1,1 < m < n — k + 1 
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P. Horodecki and R. R., in preparation, r Horodecki and R. R. Nat. Comm. 10, 1701 (2019) 










Compatibility with Free Will 


• Free-Will conditions are intimately connected with No-Signaling constraints: 


P(a,c\x, y,z) 


P(a,c\x,z)P(y\a, c, 
P{y\x,z) 
P(a,c\x,z ) 



> \ 

Free-Will? P(y| a, c,x,z) — P(y \x,z)\ = P(y) ; 

) i • 



R. Colbeck and R. Renner, Free randomness can be amplified, Nature Physics 8, 450-454 (2012). 
R. Colbeck and R. Renner, A short note on the concept of free choice, arXiv: 1302.4446 (2013). 




















Compatibility with Free Will 


Colbeck-Renner (formalising Bell): A spacetime random variable is free if the 
only variables it is correlated with are those it could have caused, i.e., those in its 
future light cone. 

Definition 4. We say that A E T is free if 

Pay A = Pa x Pv a 

holds, where Ta is the set of all RVs X E T such that 
A/+X . 12 


If we modify NS constraints, should also modify free-will constraints. 






Compatibility with Free-Will 


• Argument: Correlations AC properly seen as spacetime r.v. generated in the 
future light cone of B. 

Definition 4. Let Ax^ = {Aj} denote a set of outputs Aj such that the correlation SRV C^ A .j between all the Aj is generated 
outside the future light cone ofXj. Then X t is said to be free if the following condition is satisfied: 

P(X i \X\X i ,A Xi ^,Sp 1 „. Pn ) = P(X f ). (25) 


• CR: No extension of quantum theory compatible with usual notion of free¬ 
will can have better predictive power (for instance, Bohmian theories). 



P. Horodecki and R.R, in preparation. P. Horodecki and R. R. Nat. Comm. 10, 1701 (2019) 

R. Colbeck and R. Renner, No extension of quantum theory can have improved predictive power, Nature Communications 

411 (2011). 












Finite superluminal causal influences as 
explanations of quantum nonlocality 


Breakthrough result of Bancal et 
al.:A multi-party Bell experiment 
that shows any finite-speed v- 
causal model leads to signaling. 

Under the restricted free-will / 
relativistic causality constraints, in 
the measurement configurations 
considered so far, one can explain 
the quantum correlations by means 
of a v-causal model. 

Work in progress: Can further 
modified Bl’s rule out v-causal 
explanations? 


▲ time 



FIG. 3. Four-partite Bell-type experiment characterized by 
the spacetime ordering R = (A < D < (B rsj C)). Since B 
and C are both measured after A and D and satisfy B ~ C, 
the BC\AD correlations produced by a u-causal model are lo¬ 
cal (see Appendix C). A violation of the inequality of Lemma 1 
by the model therefore implies that the corresponding corre¬ 
lations must violate the no-signalling conditions (1). At least 
one of the tripartite correlations ABC , ABD , ACD , or BCD 
must then depend on the measurement setting of the remain¬ 
ing party. The marginal ABD ( ACD ) cannot depend on z 
( 2 /), since this measurement setting is freely chosen at C (B), 
which is outside the past u-cone of A, B (C) and D (see 
also Appendix D). It thus follows that either the marginal 
ABC must depend on the measurement setting w of system 
D or that the marginal BCD must depend on the measure¬ 
ment setting x of system A (or both). Let the four systems 


J.-D. Bancal, S. Pironio, A. Acin, Y.-C. Liang, V. Scarani and N. Gisin, Nature Physics 8, 867 (2012). 

P. Horodecki and R.R, in preparation. P. Horodecki and R. R. Nat. Comm. 10, 1701 (2019) 


















Quantum non-locality based on finite- 
superluminal influences leads to signaling 


Lemma 1. Let P(abcd\xyzw ) be a joint probability dis¬ 
tribution with a , b, c, d <E {0,1} and x , y,z,w G {0,1} sa£- 
isfying the following two conditions. 

(a) The conditional bipartite correlations BC \ AD are 
local, i.e., the joint probabilities P(bc\yz, axdw) 
for systems BC conditioned on the measure¬ 
ments settings and results of systems AD admit 
a decomposition of the form P(bc\yz, axdw) = 

q(X\axdw)P(b\y , X)P(c\z, A) for every a , x, d, w. 

(b) P satisfies the no-signalling conditions (1). 

Then there exist a four-partite Bell expression S (see Ap¬ 
pendix B for its description) such that correlations satis¬ 
fying (a) and (b) necessarily satisfy S < 7, while there ex¬ 
ist local measurements on a four-partite entangled quan¬ 
tum state that yield S — 7.2 > 7. 


S = - 3(A 0 > - (B 0 ) - (B 1 ) - (Co) - 3(-D 0 ) 

- (A\Bo) - (AiBi) + (AoCo) 

+ 2(A\Co) + ( AoDo) + (BoD\) 

- (DiDi) - (C 0 D 0 ) - 2(CiDi) 

+ ( AqBqDq ) + (AoBqDi) + (AqBiDq) 

- (AqBiDi) - (A 1 B 0 Do) - (A 1 B 1 D 0 ) 

+ (A 0 CoD 0 ) + 2(^4iCoDo) — 2(AoC\D\) 

<7, 


I*) = glOOOO) + i 10011) - -J= 10101) + ^ 10110) 

-hi |1000) - 111011) - 111101) + | 11110). 


Ao = -U(T X U\ Ai = U(J Z U\ Bo = H, 

B\ = <j x Hrj x , Co = Dq = a z , C\ = D\ = o x . 


J.-D. Bancal et al. Nature Physics 8,867 (2012). 

P. Horodecki and R. R. Nat. Comm. 10, 1701 (2019). In prep. 






Device-Independent crypto against Relativistic 

Eavesdroppers 


• Boxes P(a|x) = P(ai,...,a n |xi,...,x n ) must carry a label of space-time locations 

of measurement events p(( tl r| ).( tn - rn ))(ai,...,a n |xi,...,Xn). 

• The set of boxes P(a|x) respecting relativistic causality forms a larger 
dimensional polytope containing the usual NS polytope. 

• LHV polytope c Quantum Correlations c No-Signaling Polytope c Causality 
Polytope. 

• In DIQKD against relativistic eavesdroppers, this gives a larger set of attack 
strategies for Eve. 


R. Colbeck and R. Renner, Free randomness can be amplified, Nature Physics 8, 450-454 (2012). 

R. Gallego et al., Full randomness from arbitrarily deterministic events, Nat. Comm. 4, 2654 (2013). 

F. G. S. L. Brandao, R. R, A. Grudka, Horodecki A 3, T. Szarek, H. Wojewodka, Nat Comm. 7,11345 (2016). 








Device-Independent Randomness Amplification 

against Relativistic Eve 


• Randomness amplification of Santha-Vazirani sources: need Bl with algebraic 
violation. Paradigmatic example: GHZ-Mermin inequality. 

• We show that no randomness can be extracted from the settings that appear in 
the Mermin inequality under the new constraints, even with maximal violation. 


Proposition 7. Consider the n-party GHZ-Mermin Bell inequality, for odd n > 3. Suppose that in some inertial reference 
frame, the n space-like separated parties are arranged in 1 -D, with r\ < • • • < r n and perform their measurements simultane¬ 
ously, i.e., t\ = • • • = t n . Then for any input x* appearing in the inequality, i.e., x* e Xf/[ erm , there exists a box V violating 
the Mermin inequality maximally and obeying the relativistic causality constraints in Tq.(17), such that no randomness can be 
extracted from the outputs a of the box under input x*. In other words, we have 

V(a*\x*) = l, (33) 


for some fixed output bit string a *. 



C. Dhara, G. de la Torre, A. Acin, Phys. Rev. Lett. 112,100402 (2014). P Horodecki and R. R. 

R. Gallego et al., Full randomness from arbitrarily deterministic events, Nat. Comm. 4, 2654 (2013). Nat. Comm. 10 , 1701 

F. G. S. L. Brandao, R. R, A. Grudka, Horodecki A 3, T. Szarek, H. Wojewodka, Nat Comm. 7,11345 (2016). ( 2019 ) 







Dl Randomness Amplification against relativistic 

Eve 


Proof is by construction of box 
P(a|x) that satisfies: 

• GHZ-Mermin constraints 

• Causality constraints 

• returns deterministic 
output for settings 
appearing in the 
inequality. 


Algorithm 1 Construction of box V 

1: procedure CONSTRUCTION OF V 

2: Let x* E be given. Initiate as step 0, a z (x*) = 

a r (x*) = a* (the all-0 bit string). 

3: At the (2; + l)-th step, 0 < ; < V 1 < i\ < • • • < 

z 2 /+l < n > if x * 2 +1 = 0 define 

a' (x* ® l h ® • • • © 1' 2 ' +1 ) := a 1 (x* ffi l h © 

•••ffii' 2 0 

a r (x* ffi l' 1 ffi • • • © 1' 2 / +1 ) := a r (x* ffi l h ffi 

• • • ffi l i2 >) ffi VL 


(46) 

If on the other hand, xf = 1 define 

*2/+l 


a 1 (x* ffi l h ffi • • • ffi V 2 i +1 ) := a l (x* ffi l h ffi • 

• • ffi V 2 >) ffi lVi 

a r (x* ffi l h ffi • • • ffi V 2 i +1 ) : = a r (x* ffi l' 1 ffi • 

••ffil' 2 /). 


(47) 

4: At the 2/-th step 1 < j < ^4, V 1 < / ] 

if x- = 0 define 

l V 

< • • • < 1*2/ < M, 

a\x* ffi l h ffi • • • ffi 1 i2 >) := a l (x* ffi l' 1 ffi • • 

• ffi l' 2 /-! ) ® 1'2/ 

a r (x* ffi l h ffi • • • ffi 1 i2 >) := a r (x* ffi l' 1 ffi • • 

•ffil^- 1 )- 


(48) 

If on the other hand, xf — 1 define 

l v 

a l (x* ffi l h ffi • • • ffi 1‘ 2 >) := a*(x* ffi l h ffi • • 

. ffil6/-i) 

a r (x* ffi l h ffi • • • ffi 1 h >) := a r (x* ffi l h ffi • • 

• ffil' 2 i-i) ©1%. 

5: Vx, set 

3) 

(49) 

7>(a'(x)|x)=T>(a'(x)|x) = 

1 

2' 

P(ax) =0, otherwise. 

(50) 

6: end procedure 



P. Horodecki and R. R., in preparation. 

P. Horodecki and R. R. Nat. Comm. 10, 1701 (2019) 











Device-Independent QKD against relativistic 

Eve 


• The chained Bell inequalities / m ch AB are a family of two-party correlation Bell 
inequalities (XOR games) with m inputs and 2 outputs per party. 


!Z h ■■= E [( A iBi) + (AiB i+1 )] <2m-2, 

i =1 

• QM: / mch AB = 2m Cos(TT/2m). NS: / m ch AB = 2m. 

with oci and 


!<?>+} = 4 (|oo) + |ii» 


Ai := sin(a z -)(7 x + cos (cij)cr Z/ 
Bj := sm(Pj)(r x + cos{Pj)(T z . 

for i,j = 1 ,..., m. 


• In the limit m—^oo, a perfect key bit between Alice and Bob is obtained 
(BHK, BCK, BKS) against the usual No-Signaling adversary. Underlying 
property: Monogamy of non-local correlations. 

Proposition 4 ([ 39 ]). Any no-signaling distribution for which T f'i 11 < I* satisfies 


P(A k = a ) < 1(1 +T), 
P(B, = b) < *(1+I*), 


for all a,b e {0,1} andk,l G [m\. 


+ (K£i) < 2m. 

J(B : E) < I”g ch . 


J. Barrett, A. Kent and S. Pironio, Phys. Rev. Lett. 97,170409 (2006). 
J. Barrett, L. Hardy and A. Kent, Phys. Rev. Lett. 95, 010503 (2005). 
J. Barrett, R. Colbeck and A. Kent, Phys. Rev. A 86, 062326 (2012). 










Device-Independent QKD against relativistic 

Eve 


• In a Device-Independent framework, the relativistic causality conditions 
allow Eve to gain maximal information about the output key bit of such a 
protocol. 

• Eve’s observable is maximally correlated with the chosen observable of the 
honest parties even when algebraic violation is observed. 


Proposition 3. Consider a three-party Bell scenario where Alice and Boh perform a test of the Braunstein-Caves chained Bell 
inequality ZJJ* (17) with an arbitrary number m >2 of inputs per party and Eve measures a single observable E\. Suppose that 
in some inertial reference frame, the three space-like separated parties are arranged in 1 -D, with r^ < rg < i'e and perform 
their measurements simultaneously, i.e., t^ — t^ — t^- For any observable K of Bob, i.e., K £ {B\,... ,B m }, there exists a 

relativistic causal box V(a, b,e\x,y, w) such that Ei is perfectly correlated with K even when the algebraic violation ofX'f'^ 1 is 
attained, i.e., 


1Z H + ( KE i) 


= 2m +1. 


( 20 ) 


P. Horodecki and R. R. Nat. Comm. 10, 1701 (2019) 

P. Horodecki and R.R, in preparation. 











General properties of no-signaling theories 


• MonogamyrViolation of CHSH Bell inequality by Alice-Bob precludes 
violation by Alice-Charlie. 



Bchsh = p(Ai, B\)lr + E(Ai,B 2 )lr + E(A 2 , Bi)lr — E(A 2 , i?2)Li?l < 2; 


Proposition 3. Consider a three-party Bell scenario, with Alice, Bob and Charlie each performing two measurements x,y,z G 
{0,1} of two outcomes a,b,c G {0,1} respectively. Suppose that in some inertial reference frame, the three space-like separated 
parties are arranged in 1 -D, with r^<r^< rc and perform their measurements simultaneously , i.e., t& = tg = tc- Then, 
there exists a three-party relativistically causal box V(a, b,c\x r y, z) such that 

(CHSH) A b + (CHSH) B c = 8. (19) 


L. Masanes, A. Acin and N. Gisin, Phys. Rev. A 73, 012112 (2006). 

P. Horodecki and R. R., in preparation. P. Horodecki and R. R. Nat. Comm. 10, 1701 (2019) 


















Genuine multipartite nonlocality 


• Multiparty non-locality: Several classes of non-local correlations including 
Svetlichy S2-local, NS2-local,T2-local with NS2 c T2 c S2. 

• We introduce a new class of models C2: 


Definition 5. Suppose that P(a, b,c\x,y,z) can be written in the form 

P(a,b,c\x,y,z) J^q^P A (a,b\x,y)P A (c\z) + Y^q F P li (a,c\x,y / z)P li (b\y) + J^q v P v (b,c\y / z)P v (a\x) (28) 

AM v 

where the terms obey the relativistic causality constraints Eq.(12). Then the correlations P(a / b / c\x,y / z) are said to be causal 
bi-local. Otherwise, we say that they are genuinely 3-way causal non-local. 


J.-D. Bancal, J. Barrett, N. Gisin, S. Pironio, Phys. Rev. A. 88, 014102 (2013). 

G. Svetlichny, Phys. Rev. D 35 , 3066 ( 1987 ). P. Horodecki and R. R. Nat. Comm. 10, 1701 (2019) 

P. Horodecki and R.R, in preparation. P. Horodecki and R. R. Nat. Comm. 10, 1701 (2019) 






Genuine Multiparty Nonlocality 


• In the Bell scenario B(2,2,2) we give an inequality and quantum correlations 
obtained by suitable measurements on W-states that lead to its violation 
demonstrating genuine multiparty nonlocality. 

0 < 6 -2(A 1 B 1 ) - (1 /2){A 1 C 1 ) y=1 - ( 1 / 2 )(A 1 C 1 ) V=2 + ( 1/2 )(A 2 Ci) y=1 + ( 1 / 2 ){A 2 C 1 ) y=2 - (AjBzQ) 

+ {A.2B2C\) — (1/2) C2)y = i — (l/2)<A 1 C 2 ) y=2 + (l/2)(A 2 C 2 ) y= i + (l/2)(A2C 2 )y = 2 + {A 2 B 2 C 2 ) — ( A 2 B 2 C 2 ) 


|W) = 4= (|001) + |010) + 1100)). 


Ai = sm(Ki)cr x + cos(cii)cr z , 
Bj = sin (Pj)cr x + cos (fij)(r z , 


^ AAL vr;y* 7 * ' eu ^vr/y^z/ 


I qm < -0.67. 



0i\ = 4.51,(12 = — 1.76, = 4.81 ,162 6.13,'yi = —1.13, ^2 = 4.98. 








Preferred Frame of Reference 


• Consider superluminal influences in a preferred frame / at speed u > c. 

• Fix (tA, ta) and (tB, tb). 

• Which (tE, te) are allowed space-time region from which an Eve is able to 
influence correlations without violating causality? 

Lemma 4. Relativistic causality of the events A, B and E is 
satisfied if the following two conditions hold. 

• Eve by her choice of input at E does not directly affect 
the individual statistics of the outcomes at points A and 
B separately. 

• Eve by her choice of input at E is not able to signal 
to any space-time point S wth X$ := (ts/fs) v ^ a her 
modification of the joint distribution of the outcomes at 
A and B. 






Preferred frame of reference 



(t A ,r A )A 


B(tg, r B ) 


Theorem 7. Consider measurement events A, B with cor¬ 
responding space coordinates y&, i*b in a chosen inertial ref¬ 
erence frame I. Then a measurement event E can superlu- 
minally influence the correlations between A and B at speed 
u > c without violating causality in I if and only if its space 
coordinate y e satisfies 

r E eSeg(0(AB;<p a )) (39) 

for any circle Q with AB as a chord and having angle (p a as 
the angle in the corresponding minor segment , where (p^ = 
n — 2 arcsin(A:) and ol — c/u. 


> h = tE + 


U 

rg -r E 
u 


If we abandon the notion of a preferred frame, the regions transform. 

Consequences are still Lorentz covariant. 









Summary 


• Re-examined the derivation of the no-signaling constraints from causality. 

• Implications in many directions, including quantum cryptographic and finite- 
superluminal explanations of quantum non-local correlations. 
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Summary and Open Questions 

Re-examine the ubiquitous no-signaling constraints from strict relativistic causality. 

Superluminal travel is logically perfectly possible as long as it leads to a consistent 
story that unfolds in time. 

“Non-local yet causal” theory that is different from Bohmian: allows for a notion of 
free-will. 

Open:“Extended quantum correlations” that obey the new constraints. Principles 
to rule out such correlations and dynamics. 
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No-Signaling Polytope 



Fig 3. Left: a caricature of the 2x2x2 case. It actually lives in 8, not 2 dimensions. Right: 
caricature of the general case in which (bottom left) a further possibility is allowed: no purple 
between the green and grey. Artwork: Daniel Cavalcanti 


PR Box 



CHSH inequality 


x2 =0 x2 = I 


LHV c Q c NS. 

In the B(2,2,2) scenario, non-local extreme box of NS is the PR box. 
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No signal carrying information can propagate faster than light - No- 
Signaling Principle. 

• Captured in the Bell scenario (n,m,k) by a set of constraints on 
the P(ai,...,a n |xi,...,Xn). 


• E.g. In the three party Bell scenario 


YP( ai ,a 2 ,a 3 \ ^ 5 X3 ^ ““ X P(a x y CL ^^ CL^ | ^ ^ X3) 

% ^3 


\/ CL^^ CL^y y ^ X3 






